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HIGHLIGHTS 


•  We  have  successfully  introduced  Alq3  as  electron  extraction  layer  (EEL)  for  PSCs. 

•  The  device  performance  based  on  Alq3  is  fully  comparable  to  those  based  on  Ca. 

•  The  PSCs  with  Alq3  as  EEL  presented  superior  photo-stability  than  that  with  Ca  as  EEL. 

•  Alq3  is  an  alternative  candidate  for  high-performance  and  photo-stability  polymer  solar  cells. 
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Calcium  (Ca)  is  not  a  desirable  candidate  as  electron  extraction  layer  (EEL)  for  long-term  stability 
organic  photovoltaics  (OPVs)  on  account  of  its  nature  of  active  metal.  In  this  paper,  we  has  selected 
thieno[3,4-b]thiophene/benzodithiophene  (PTB7)  and  [6,6]-phenyl  C71-butyric  acid  methyl  ester 
(PCyiBM)  as  donor  and  acceptor,  respectively,  and  the  device  architecture  is  Glass/ITO/poly(- 
ethylenedioxythiophene):polystyrene  sulphonate  (PEDOT:PSS)/PTB7:PC7iBM/EEL/Aluminum.  For  com¬ 
parison,  tris  (8-hydroxyquinoline)  aluminum  (Alq3)  and  Ca  were  used  as  EEL  to  reveal  their  influence  on 
the  performance  [power  conversion  efficiency  (PCE),  short-circuit  current  density  C/sc),  open-circuit 
voltage  (Voc)  and  fill  factor  (FF)]  of  the  OPVs.  As  a  result,  PCE  of  the  device  with  Ca  as  EEL  rapidly 
reduced  over  60%  after  three  days  due  to  the  poor  stability  of  Ca.  The  device  with  Alq3  as  EEL  shows 
favorable  stability  owing  to  the  PCE  moderate  declined  less  than  30%  after  one  month.  Furthermore,  PCE 
of  the  device  with  Alq3  as  EEL  was  fully  comparable  to  that  with  Ca  as  EEL.  Our  results  indicate  that  Alq3 
is  an  alternative  candidate  for  high-performance  and  long-term  photo-stability  OPVs. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Significant  progress  has  been  made  over  the  past  25  years  in 
improving  efficiency  for  organic  photovoltaics  (OPVs)  [1,2].  And 
with  good  reason,  the  inexpensive  materials  and  roll-to-roll  pro¬ 
cesses  involved  in  this  technology  could  potentially  allow  a  massive 
production  of  cost  effective,  flexible,  and  large  scale  polymer  solar 
cells  [3-5].  As  a  result  of  the  successful  device  architecture  of  bulk 
heterojunction,  performance  of  OPVs  increased  continuously  when 
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using  poly  (3-hexylthiophene)  (P3HT)  and  phenyl-C61 -butyric  acid 
methyl  ester  (PCBM)  blend  as  photoactive  layer  [6].  Moreover, 
benefiting  from  the  introduction  of  low  band-gap  conjugated 
polymer  which  extends  the  harvesting  of  the  solar  spectrum 
beyond  650  nm,  the  bottleneck  of  PCEs  of  OPVs  could  be  overcome 
[2,5,7].  However,  at  the  outset  efficiencies  beyond  6%  have  only 
been  achieved  when  fine  tuning  of  electrical  material  properties, 
optimized  architectural  device  construction  and  extended  the 
harvesting  of  the  solar  spectrum  have  been  implemented.  Hou  et  al. 
developed  a  new  low  band-gap  polymer,  poly[4,8-bis-(2-ethyl- 
hexyl-thiophene-5-yl)-benzo[l,2-b:4,5-b/]dithiophene-2,6-diyl]- 
alt-[2-(2/-ethyl-hexanoyl)-thieno[3,4-b]thiophen-4,6-diyl] 
(PBDTTT-C-T),  7%  and  8%  efficiencies  were  achieved  in  traditional 
and  inverted  device  constructions,  respectively  8].  The  9%  barrier 
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Fig.  1.  Device  architecture  and  energy  level  diagram  of  the  polymer  solar  cell,  a)  Chemical  structures  of  PTB7.  b)  Schematic  of  the  polymer  solar  cell,  c)  Energy  level  diagram  of  the 
device. 


was  broken  in  2012  when  Cao  et  al.  used  new  interfacial  materials 
to  improve  the  performance  of  OPVs  with  PTB7/PC71BM  as  active 
layer  [9].  Very  recently,  Yang  group  overfulfiled  10%  PCE  by  suc¬ 
cessfully  employing  an  inverted  tandem  architecture  [10]. 

Even  though  the  low  band  gap  based  cells  are  promising  in 
terms  of  the  rapidly  improvement  of  PCEs.  The  photo-stability  of 
low  band  gap  based  devices  in  atmospheric  condition  still  remains 
an  unsolved  problem,  and  it  represents  a  major  hurdle  before  the 
upscale  productions.  While  efficiencies  are  steadily  improved,  the 
stability  of  organic  solar  cells  has  limited  the  application  of  OPVs 
[11-13].  The  power  conversion  efficiencies  of  OPVs  have  attracted 


Fig.  2.  a)  Current  density-voltage  characteristics  of  the  OPVs  under  100  mW  cm-2  AM 
1.5G  illumination  based  on  Alq3  and  Ca  as  EELs,  respectively,  b)  Corresponding  external 
quantum  efficiency  curves  for  a). 


much  attention  of  many  groups,  however,  the  photo-stability  of 
OPVs  has  only  a  small  amount  of  papers  [14-16].  So  investigation 
on  photo-stability  is  very  necessary  for  OPVs  to  meet  the  com¬ 
mercial  requirements. 

The  device  geometry  of  typical  laboratory-scale  OPVs  is 
composed  of  a  transparent  indium  tin  oxide  (ITO)  anode,  a  hole- 
extracting  interfacial  layer-PEDOT:PSS,  a  photoactive  layer, 
electron-extracting  layer  and  a  low  work-function  metal  cathode 
[17,18].  Generally,  lithium  fluoride  (LiF)  and  Ca  are  used  as  cathode 
interfacial  layer  [19,20].  The  thickness  demand  for  LiF  film  is  very 
rigorous  and  PCEs  of  solar  cells  can  be  tremendously  affected  when 
the  thickness  of  LiF  is  extremely  thin  or  excessively  thick.  So  the 
thickness  of  LiF  is  neither  thin  nor  thick  [21  -23  .  Chemical  property 
of  Ca  is  active  and  easily  oxidized  by  oxygen  and  water  [24,25].  The 
development  of  new  EEL  materials  that  have  low  dependency  to 
variations  in  thickness  is  therefore  a  key  step  for  the  development 
of  OPVs  with  significantly  increased  photo-stability  [26].  Alq3  is  a 
small  molecular  and  can  be  easily  deposited  by  vacuum  evapora¬ 
tion.  Moreover,  high  electron  mobility  of  Alq3  thin  film  within  tens 
of  nanometers  has  confirmed  [27,28  .  Combining  with  appropriate 
values  of  highest  occupied  molecular  orbital  (HOMO)  and  lowest 
unoccupied  molecular  orbital  (LUMO),  Alq3  is  a  potential  EEL 
material  for  photo-stability  OPVs.  Herein,  we  have  successfully 
introduced  Alq3  as  EEL  for  polymer  solar  cells.  The  influences  of 
Alq3  on  the  performance  (photo-stability,  PCE,  VocJsg  FF)  of  solar 
cells  were  carried  out  in  detail. 

2.  Experimental 

2  A.  Materials 

PTB7  and  PC71BM  were  purchased  from  1 -material  Inc.  and 
Sigma-Aldrich  Co,  respectively.  PEDOT:PSS  (Clevios  P  V  AI4083) 
was  purchased  from  HC  Starck.  o-Dichlorobenzene  (ODCB,  anhy¬ 
drous,  99%)  was  purchased  from  Sigma-Aldrich  Co.  Alq3  was  pur¬ 
chased  from  Luminescence  Technology  Co.  Ca  and  Al  were 
purchased  from  Alfa  Aesar  Co. 

2.2.  Device  preparation  and  characteristics 

PTB7/PC71BM  (1:1.5,  wt%)  blends  were  dissolved  in  ODCB  solu¬ 
tion  overnight  with  PTB7  concentration  of  10  mg  ml-1.  About  3% 


Table  1 

Device  characteristic  parameters  of  the  optimized  OPV  devices  with  different  Alq3 
thickness  and  Ca  acted  as  the  ETL  materials. 


EEL  thickness 
(nm) 

Alq3 
(5  nm) 

Alq3 
(10  nm) 

Alq3 
(15  nm) 

Alq3 
(20  nm) 

Alq3 
(25  nm) 

Ca 

(20  nm) 

Voc  (V) 

0.68 

0.7 

0.76 

0.75 

0.62 

0.77 

Jsc  (mA  cm"2) 

8.8 

10.5 

13.2 

10.9 

10.2 

13.2 

FF  (%) 

56 

60 

64 

62 

52 

62 

PCE  (%) 

3.4 

4.4 

6.4 

5.1 

3.3 

6.3 
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Fig.  3.  Photo-stability  characteristics  of  the  un-encapsulated  OPVs  with  Alq3  and  Ca  as 
EEL  and  without  EEL  in  glove  box  for  one  month. 

(1,8-diiodooctane  (DIO)/l, 2-dichlorobenzene  (DCB),  v/v)  of  DIO  as 
an  additive  is  helpful  to  obtain  better  photovoltaic  results.  The  ITO 
substrates  were  ultrasonicated  in  30  °C  aqueous  detergent  followed 
by  isopropyl  alcohol,  acetone  and  deionized  water  for  30  min  each. 
The  substrates  were  dried  under  a  stream  of  nitrogen  and  heating 
of  hot-stage.  UV/ozone  treatment  of  ITO  glass  for  20  min.  First,  a  30- 
nm-thick  PEDOT:PSS  anode  buffer  layer  was  spin-cast  on  the  ITO 
substrate,  and  subsequent  baking  at  130  °C  for  10  min  in  air.  The 
PTB7:PC7iBM  active  blend  layer  has  a  nominal  thickness  of  ~  90  nm 


(with  a  variation  of  ~15  nm  over  the  entire  film).  The  Alq3,  Ca 
layers  and  Al  cathode  were  vacuum  evaporated  through  a  shadow 
mask  to  define  the  active  area  of  the  devices  (10  mm2).  The  thick¬ 
ness  for  Al  and  Ca  are  150  and  20  nm,  respectively,  and  the  thick¬ 
ness  of  Alq3  is  various  according  to  the  experiment  requests.  The  J— 
V  characteristics  and  lifetime  of  OPV  were  performed  in  a  glove  box 
under  illumination  at  100  mW  cm-2  using  an  AM  1.5G  solar 
simulator.  The  chemical  structure  PTB7,  schematic  diagram  of 
proposed  OPV,  and  energy  level  diagram  of  device  are  shown  in 
Fig.  1. 

3.  Results  and  discussion 

As  shown  in  Fig.  2a,  current  density— voltage  (J—V)  curves  of 
OPVs  with  optimized  Alq3  and  Ca  thickness  that  act  as  EEL  layer  are 
presented.  In  our  experiments  all  J—V  measurements  were  per¬ 
formed  under  illumination  from  a  150  W  solar  simulator  with  AM 
1.5G  filters  with  the  intensity  of  100  mW  cm-2  and  the  device 
characteristic  parameters  under  different  Alq3  thickness  are  shown 
in  Table  1.  With  an  Alq3  thickness  of  5  nm  for  device,  a  PCE  of  3.4% 
with  a  short  circuit  current  density  C/sc)  of  8.8  mA  cm-2,  an  open 
circuit  voltage  ( V0c)  of  0.68  V,  and  an  FF  of  56%  was  achieved.  When 
the  Alq3  layer  thickness  was  increased  to  10  nm  the  PCE  of  device 
reached  4.4%,  with  a  Jsc  of  10.5  mA  cm-2,  a  Voc  of  0.7  V,  and  an  FF  of 
60%.  In  the  case  of  the  Alq3  layer  thickness  was  15  nm,  the  opti¬ 
mized  PCE  of  6.4%  was  accomplished  with  a  V0c  of  0.76  V,  a  JSc  of 
13.2  mA  cm-2,  and  an  FF  of  64%.  Flowever,  the  PCE  of  OPV  decreased 
while  the  thickness  of  Alq3  increased.  When  the  Alq3  layer  thick¬ 
ness  attained  25  nm,  the  efficiency  was  dropped  to  3.3%,  with  a  Jsc 
of  10.2  mA  cm-2,  a  V0c  of  0.62  V,  and  an  FF  of  52%.  For  comparison, 
the  devices  with  Ca  as  EEL  material  were  fabricated  and  the 


Fig.  4.  Characteristic  parameters  of  decay  rate  for  the  OPVs  with  different  EELs:  a)  open-circuit  voltage;  b)  power  conversion  efficiency;  c)  fill  factor;  d)  short-circuit  current  density. 


108 


Z.  Liu  et  al.  /  Journal  of  Power  Sources  250  (2014)  105-109 


optimized  performance  was  carried  out  with  a  PCE  value  of  6.3% 
Use  =  13.2  mA  cm-2.  FF  =  62%.  Voc  =  0.77  V).  These  results  are 
moderate  lower  than  those  based  on  optimized  Alq3  thickness.  As 
an  organic  small  molecular  material,  the  organic-organic  interface 
between  Alq3  and  photoactive  layer  may  be  more  favorable  to 
charge  transport  in  comparison  with  the  organic-metal  case.  Sec¬ 
ondly,  the  electron  mobility  of  Alq3  is  approximately  within  10-3— 
1(T4  cm2  V  1  s-1  order  of  magnitude  due  to  the  existence  of  Al, 
which  is  desired  for  ideal  electron  extracting  layer  in  polymer  solar 
cells  because  of  the  reported  high  efficient  conjugated  polymers 
usually  possess  an  electron  mobility  ~10-3  cm2  V-1  s_1.  Such 
substantial  mobility  value  of  Alq3  should  partially  account  for  fill 
factor  and  short-circuit  current  density,  although  the  mobility 
alone  cannot  guarantee  high  device  performance.  Our  results 
demonstrate  that  Alq3  is  an  alternative  EEL  material  for  high- 
performance  OPVs.  Fig.  2b  shows  the  external  quantum  efficiency 
(EQE)  curves  of  devices  based  on  various  EEL  materials.  It  was 
identified  that  the  Js c  measured  from  devices  were  in  good  agree¬ 
ment  with  integrated  values  of  the  EQE  spectrum. 

The  LUMO  level  of  EEL  is  lower  than  that  of  PCBM  and  Al  that 
would  cause  a  large  barrier  for  electron  to  reach  the  cathode. 
Although  the  LUMO  level  of  Alq3  is  not  fully  matched  with  the 
adjacent  layers,  electron  transport  can  occurs  through  damage- 
induced  trap  states  created  by  the  evaporation  of  hot  metal 
atoms  onto  the  Alq3  surface  [29,30].  Owning  to  the  metallic  nature 
of  Ca  and  ohmic  contact  between  the  active  layer  and  electrode, 
however,  Alq3  cannot  create  ohmic  contact  between  the  active 
layer  and  electrode  [31  ].  When  the  Alq3  layers  are  less  than  15  nm 
thick  and  the  adjoining  layers  are  deposited  under  controlled 
conditions,  effective  electron  channels  thereby  formed  are  stable 
and  the  charge  carrier  transport  process  is  not  affected  [32]. 
Therefore,  while  the  thickness  of  Alq3  is  higher  than  15  nm,  the 
electron  transport  and  charge  carrier  collection  process  will  be 
affected  by  the  large  barrier  between  the  active  layer  and  metal 
electrode.  Moreover,  Alq3  has  superior  stability  in  organic  light 
emitting  diode  [33,34  .  It  is  considerably  necessary  to  explore  the 
lifetime  behavior  of  OPVs  with  Alq3  as  EEL  material  for  them  to  be 
brought  to  market  as  quickly  as  possible. 

The  photo-stability  of  un-encapsulated  PTB7:PC7iBM  polymer 
solar  cells  as  a  function  of  storage  time  in  glove  box  ambient  con¬ 
dition  under  illumination  with  Alq3  and  Ca  as  EEL  material  was 
studied.  Meanwhile,  the  solar  cells  without  EEL  were  also  prepared 
for  comparison  with  above  mentioned  devices.  Fig.  3  exhibits  the 
PCE  values  as  a  function  of  storage  time.  Under  continuous  illu¬ 
mination  for  30  days  all  PCE  values  dropped  with  storage  time. 
Obviously,  the  PCE  values  of  device  with  Ca  as  EEL  material  sharply 
declined  within  3  days  and  it  dropped  over  60%  of  the  initial  PCE 
value.  Taking  into  account  the  fact  of  Ca  is  active  metal  and  trace 
amounts  oxygen  and  water  (<0.1  ppm)  are  being  in  glove  box,  the 
photo-stability  of  device  will  be  affected  tremendously  by  Ca. 
Comparing  with  previous  work  by  M.  Tavakkoli  et  al.,  the  device 
with  Ca  as  EEL  has  a  higher  decay  rate  of  PCE  than  the  OPV  with  LiF 
as  buffer  layer  [35,36].  In  contrast,  the  degradation  rate  of  OPVs 
with  Alq3  as  EEL  and  without  EEL  showed  slow  descending  ten¬ 
dency.  The  device  without  EEL  material  showed  a  moderate 
decrease  in  PCE  less  than  30%  of  its  initial  value.  Voroshazi  et  al.  had 
studied  the  degradation  behavior  of  P3HT:PCBM  solar  cells  with  a 
PEDOT:PSS  buffer  layer,  which  showed  a  similar  attenuation  pro¬ 
cess  under  N2  inert  atmosphere  [37].  Apart  from  the  fact  that  acidic 
PEDOT:PSS  can  etch  ITO  anode,  the  reaction  of  PSS  with  the  blend 
components  of  photoactive  layer  was  proposed  as  another  possible 
reason  for  the  performance  degradation.  These  shortcomings 
directly  affect  the  ability  of  charge  carriers  of  ITO  anode  [11,38  .  In 
the  case  of  Alq3  as  EEL,  the  curve  of  PCE  versus  storage  time  showed 
similar  tendency  with  the  curve  of  device  without  EEL.  The 


performance  degradation  of  device  mainly  derived  from  the  in¬ 
fluence  of  PEDOT:PSS  in  the  long-term  measurement.  Furthermore, 
the  metal  Ca  atom  may  diffuse  into  adjacent  photoactive  layer 
during  thermal  evaporating,  which  will  extremely  cause  device 
degradation.  On  the  contrary,  this  problem  can  be  effectually  cir¬ 
cumvented  by  organic/organic  contact  in  the  case  of  Alq3/photo- 
active  layer.  These  results  indicate  that  the  Alq3  EEL  is  an  alternative 
material  for  long-term  photo-stability  OPVs. 

All  device  characteristic  parameters  of  degradation  rate  with 
different  EEL  materials  are  shown  in  Fig.  4.  As  shown  in  Fig.  4,  the 
three  device  characteristic  parameters  C/sc,  FF  and  PCE)  of  device 
with  Ca  as  EEL  decrease  sharply  (the  degradation  rates  dropped 
more  than  30%  of  its  initial  value),  only  Voc  has  decreased  moder¬ 
ately  (the  degradation  rates  dropped  less  than  30%  of  its  initial 
value).  The  Voc  of  device  with  Alq3  as  EEL  and  without  EEL  did  not 
obviously  change  and  the  other  three  devices  characteristic  pa¬ 
rameters  C/sc,  FF,  and  PCE)  showed  almost  identical  trends.  Due  to 
the  Voc  is  associated  with  the  difference  between  LUMO  level  of 
acceptor  and  HOMO  level  of  donor,  it  can  only  be  affected  slightly  in 
device  with  storage  time  [39,40].  The  other  parameters  C/sc  and  FF) 
are  closely  linked  to  the  morphology  of  photoactive  layer  and  in¬ 
terfaces  between  active  layer  and  charge  extraction  layers.  Thus  Jsg 
FF  and  PCE  have  a  faster  decay  rate  than  V0c  within  one  month. 

4.  Conclusion 

We  have  studied  the  photo-stability  behavior  of  OPVs  with  Alq3 
as  EEL  under  continuous  illumination.  The  performance  of  devices 
with  Alq3  as  EEL  is  fully  comparable  to  that  with  Ca  as  EEL  under 
illumination  of  AM  1.5G,  100  mW  cm-2.  Moreover,  the  device  with 
Alq3  as  EEL  has  great  advantage  in  photo  stability  than  that  with  Ca 
as  the  EEL.  Long-term  photo-stability  of  the  un-encapsulated  OPVs 
based  on  PTB7:PC7iBM  was  improved  by  using  15  nm  thick  Alq3  EEL 
instead  of  Ca.  Our  work  gives  an  effective  method  in  accomplishing 
efficient  and  high  photo-stability  OPVs. 
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